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Zip3 Provides a Link between Recombination
Enzymes and Synaptonemal Complex Proteins
synapsed chromosomes in wild type and to axial associ-
ations in the zip1 mutant (Chua and Roeder, 1998). Zip2
is required for the localization of Zip1 to chromosomes,
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but Zip2 localizes normally in the absence of Zip1. Poly-and Developmental Biology
merization of Zip1 along chromosomes starts at the sites²Department of Genetics
where Zip2 is localized. Together, these observationsYale University
indicate that Zip2 is involved in the initiation of chromo-New Haven, Connecticut 06520
some synapsis.
In yeast and other organisms, SC formation initiates at
one or a few sites along each chromosome pair (Roeder,
Summary 1997). In budding yeast, several observations indicate
that synapsis initiates at the sites of meiotic recombina-
In budding yeast, absence of the meiosis-specific Zip3 tion events, which are initiated by double-strand breaks
protein (also known as Cst9) causes synaptonemal (DSBs). In a mutant in which DSBs form but fail to be
complex formation to be delayed and incomplete. The processed, Zip2 colocalizes with Mre11 (Chua and
Zip3 protein colocalizes with Zip2 at discrete foci on Roeder, 1998), a protein involved in DSB formation and
meiotic chromosomes, corresponding to the sites processing (Haber, 1998). In addition, formation of the
where synapsis initiates. Observations suggest that axial associations to which Zip2 localizes requires
Zip3 promotes synapsis by recruiting the Zip2 protein Rad51 and Dmc1, which are homologs of the bacterial
to chromosomes and/or stabilizing the association of RecA strand exchange enzyme (Roeder, 1997). Further-
Zip2 with chromosomes. Zip3 interacts with a number more, synapsis initiation depends on DSB formation. In
of gene products involved in meiotic recombination, mutants that fail to make DSBs, the Zip1 and Zip2 pro-
including proteins that act at both early (Mre11, Rad51, teins fail to localize to chromosomes (Chua and Roeder,
and Rad57) and late (Msh4 and Msh5) steps in the 1998).
exchange process. We speculate that Zip3 is a compo- In many organisms, electron-dense structures called
nent of recombination nodules and serves to link the recombination nodules have been observed in associa-
initiation of synapsis to meiotic recombination. tion with meiotic chromosomes (Roeder, 1997). There
are two kinds of nodules that differ in the timing of
Introduction their appearance, number, and distribution. Nodules are
referred to as early if they are present in zygotene (when
During prophase of meiosis, homologous chromosomes synapsis is initiating); nodules present at pachytene
become associated along their lengths by the synapto- (when chromosomes are fully synapsed) are classified
nemal complex (SC) (Roeder, 1997). Early in prophase, as late. The number and distribution of late nodules
each pair of sister chromatids develops a common pro- suggest that these structures correspond to the sites of
teinaceous core, referred to as an axial element prior to reciprocal crossovers. Early nodules are more numerous
its incorporation into SC and as a lateral element within and have been postulated to mark the sites of all strand
the context of mature complex. When synapsis is com- exchange events.
plete, pairs of lateral elements (corresponding to the In budding yeast, indirect immunofluorescence has
cores of homologs) are closely apposed along their detected different types of protein complexes as foci
lengths and held together by proteins that constitute on meiotic chromosomes. One complex contains the
the central region of the SC. Within the central region, the RecA-like proteins, Rad51 and Dmc1, as well as Rad52
central element runs parallel to and equidistant between and RPA (Bishop, 1994; Gasior et al., 1998). Both RPA
the lateral elements, while transverse filaments lie per- (single-stranded DNA binding protein) and Rad52 act as
pendicular to the long axis of the complex and span the cofactors to Rad51-mediated strand exchange in vitro
space between lateral elements. (PaÃ ques and Haber, 1999). The Rad55 and Rad57 pro-
In Saccharomyces cerevisiae, the Zip1 and Zip2 pro- teins are probably also components of Rad51-con-
teins are required to establish the SC central region. In taining complexes. In vitro, Rad55 and Rad57 form a
the absence of Zip1 or Zip2, full-length axial elements heterodimer that promotes strand exchange mediated
develop and homologous chromosomes pair with each by Rad51 (PaÃ ques and Haber, 1999). In addition, Rad55
other, but chromosomes do not synapse (Roeder, 1997; and Rad57 are required for the formation of cytologically
Chua and Roeder, 1998). Each pair of axial elements is detectable Rad51-containing foci (Gasior et al., 1998).
connected at one or a few sites, called axial associa- Several observations suggest that Rad51/Dmc1 com-
tions, that are thought to correspond to the sites where plexes correspond to early nodules. First, assembly of
synapsis initiates (Roeder, 1997; Chua and Roeder, these complexes requires the formation of meiotic
1998). The Zip1 protein localizes continuously along the DSBs (Bishop, 1994). Second, in the dmc1, rad51, rad52,
lengths of synapsed meiotic chromosomes and serves rad55, and rad57 mutants, DSBs are resected to expose
as a component of the transverse filaments of the SC single-strand tails, but their subsequent processing is
(Sym and Roeder, 1995; Dong and Roeder, 2000). In blocked (Roeder, 1997), suggesting a defect in strand
contrast, the Zip2 protein localizes to discrete foci on invasion. Third, the timing of Rad51/Dmc1 localization
to chromosomes (in zygotene) corresponds to the timing
of early recombination nodules (Bishop, 1994). Finally,³ To whom correspondence should be addressed (e-mail: shirleen.
roeder@yale.edu). electron microscopic analysis using antibodies tagged
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with gold particles has demonstrated that RecA-like pro-
teins are associated with early nodules in lilies (Ander-
son et al., 1997).
Foci containing the Msh4 protein have also been re-
ported (Ross-Macdonald and Roeder, 1994). Msh4
forms a heterodimer with Msh5 (Pochart et al., 1997),
and Msh5 colocalizes with Msh4 on meiotic chromo-
somes (J. Novak and G. S. R., unpublished data). Msh4
and Msh5 are meiosis-specific MutS homologs required
for wild-type levels of crossing-over (Ross-Macdonald
and Roeder, 1994; Hollingsworth et al., 1995). Foci con-
taining Msh4 and Msh5 are suspected to correspond to
late nodules because they are present predominantly
during pachytene (Ross-Macdonald and Roeder, 1994)
and because Msh4 and Msh5 are involved specifically
in crossing-over.
A third type of recombination-related protein complex
is detected as foci on chromosomes only when DSB
repair is blocked by a rad50S mutation. Under these
conditions, the Mre11 protein localizes to discrete foci
on chromosomes and colocalizes with Rad50 and Xrs2 Figure 1. Meiotic Nuclear Division in zip3
(Usui et al., 1998). Since Mre11, Rad50, and Xrs2 are
Nuclear divisions in wild type (SA311) and the zip3 mutant (SA312)
required for the formation and resection of meiotic DSBs were examined at 2 hr intervals throughout meiosis. Binucleate (A)
(Roeder, 1997), it is likely that rad50S-dependent foci and tetranucleate (B) cells represent the completion of meiosis I or
observed mark the sites of unrepaired DSBs. Consistent both nuclear divisions, respectively.
with this hypothesis, X irradiation of human fibroblasts
induces the formation of both DSBs and Mre11-con- tosidase (b-gal) assays were performed in a diploid het-
taining foci (Nelms et al., 1998). When these breaks are erozygous for a zip3::lacZ fusion gene (SA341). To cor-
labeled by bromodeoxyuridine incorporation, the sites relate the timing of Zip3 synthesis with other meiotic
of labeling correspond to Mre11-containing foci. events, cells were examined for meiotic nuclear division
The Zip3 protein is a previously uncharacterized com- by staining with a DNA binding dye. There was no detect-
ponent of the synapsis initiation complex. Zip3 colocal- able expression of the fusion gene during vegetative
izes with Zip2 and is required for proper localization of growth, and maximal expression was observed after 7.5
Zip2 to chromosomes; furthermore, overproduction of hr in sporulation medium (data not shown), as reported
Zip2 partially suppresses the zip3 defect in synapsis. previously for zip1::lacZ and zip2::lacZ (Chua and
Together, these observations suggest that Zip3 func- Roeder, 1998). The expression of the zip3::lacZ fusion
tions by promoting or stabilizing the association of Zip2 gene was first detected before binucleate cells were
with chromosomes. Zip3 interacts physically with at observed, indicating that ZIP3 gene expression pre-
least three proteins that act at early steps in the repair cedes the meiosis I division. Thus, ZIP3 belongs to the
of meiotic DSBs, Mre11, Rad57, and Rad51. In addition, early class of meiotic genes (Mitchell, 1994). Meiosis-
Zip3 interacts with Msh4 and Msh5, which affect a late specific expression of the ZIP3 gene has also been dem-
step in the exchange process. We speculate that the onstrated by DNA microarray analysis (Chu et al., 1998).
Zip3 protein serves to couple the initiation of SC forma-
tion to meiotic recombination. Meiotic Nuclear Division Is Delayed and Incomplete
in zip3
Strains carrying null alleles of ZIP3 were constructed by
Results replacing most of the coding region with URA3 or LYS2.
The zip3 null mutant sporulates in all yeast strains
Identification of ZIP3 tested; however, meiotic nuclear division and conse-
In a screen for transposon insertions that generate in- quent spore formation in the zip3 mutant are delayed
frame lacZ fusion genes, a yeast strain (M11) carrying and reduced compared to wild type (Figure 1; data not
a fusion expressed specifically in meiotic cells was iden- shown). The delay and reduction in sporulation in the
tified (Ross-Macdonald et al., 1999). The DNA adjacent zip3 mutant are eliminated by introducing a spo11 muta-
to lacZ in strain M11 corresponds to an open reading tion to prevent the initiation of meiotic recombination
frame (ORF) designated YLR394w in the course of yeast and abolish SC formation (Roeder, 1997) (strain SA312
genome sequencing (http://genome-www.stanford.edu/ versus SA240; data not shown). This bypass by spo11
Saccharomyces/). This ORF will be referred to as ZIP3. suggests that the defect in sporulation in zip3 reflects
ZIP3 encodes a protein of 482 amino acids with no the operation of a meiotic checkpoint triggered by the
significant similarity to other proteins in databases. Re- accumulation of intermediates in recombination and/or
cently, Ouspenski et al. (1999) identified ZIP3/CST9 in by aberrations in synapsis.
a screen for genes whose overexpression induces chro-
mosome instability. Chromosomes Undergo Meiosis I Nondisjunction
A consensus URS1 element (TGGGCGGCTA) involved in zip3
in transcriptional regulation of meiosis-specific genes Spore viability in the zip3 mutant varies with strain back-
(Mitchell, 1994) is located at bases 12 to 111 of the ground. Spore viability in BR2495 and related strains is
z45%, while spore viability in SK1 is only z12%. SporeZIP3 coding region. To examine ZIP3 expression, b-galac-
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viability shows a nonrandom distribution, with most tet-
rads containing zero (32%), two (19%), or four (29%)
viable spores (BR2495; 192 tetrads dissected). This pat-
tern of spore inviability is indicative of meiosis I nondis-
junction of homologous chromosomes (Ross-Macdon-
ald and Roeder, 1994; Sym and Roeder, 1994).
The possibility of meiosis I nondisjunction was tested
using a diploid strain (SA153) in which the centromere
of one chromosome III is marked with TRP1, and the
centromere of the homolog is marked with URA3. Segre-
gation of both copies of chromosome III to the same
pole at meiosis I (i.e., nondisjunction) results in the pro-
duction of two viable spores that are disomic for chro-
mosome III (and therefore Trp1Ura1) and two spores that
are nullisomic (and therefore inviable). If chromosome III
segregates correctly but one or more other chromosome
pairs nondisjoin at meiosis I, a two-spore viable tetrad
results in which both spores are either Trp1 or Ura1 (i.e.,
sister spores). Out of 144 tetrads dissected for zip3,
30 contained two viable sister spores. Three of these Figure 2. Meiotic Recombination in zip3
tetrads resulted from chromosome III nondisjunction, (A) Meiotic gene conversion in wild type (SA311) and zip3 (SA312)
while the remainder (27/30) were presumably due to was measured at four loci by monitoring prototroph formation after
36 hr in sporulation medium. This experiment was repeated threemeiosis I nondisjunction of chromosomes other than the
times with qualitatively similar results.third chromosome. These results suggest that spore
(B) Intergenic recombination in four different intervals was measuredinviability in the zip3 mutant is due largely to the segrega-
among the meiotic products of spo13 (SA141) and zip3 spo13tion of both members of a pair of homologous chromo-
(SA144) strains.somes to a single pole at meiosis I.
(C) Physical monitoring of reciprocal recombination. The appear-
ance of crossover products in wild type (SA516) and the zip3 mutant
(SA517) was monitored throughout meiosis. L, linear chromosomeMeiotic Crossing-Over Is Reduced and Delayed
III; R1, dimeric crossover product; R2, trimeric crossover product.in zip3
Note that the strains used for this analysis are not isogenic with theIn other meiotic mutants, meiosis I nondisjunction is
strains used to measure nuclear division (Figure 1).associated with a decrease in crossing-over (Ross-Mac-
donald and Roeder, 1994; Sym and Roeder, 1994); chro-
mosomes that fail to cross over have a high probability
III results in the production of a linear dimeric chromo-of missegregation at the first division. The effect of the
some (R1). A three-strand double crossover involvingzip3 mutation on meiotic recombination was assessed
one linear chromatid and both strands of the circularin genetic and physical assays. Both the initiation of
chromosome III generates a linear trimeric chromosomerecombination and the production of mature crossover
(R2). R1 and R2 crossover products are observed inproducts were monitored.
both wild type and mutant, but recombinants are de-Commitment to undergo meiotic gene conversion (in-
tected much later in zip3 than in wild type (Figure 2C).tragenic recombination) was measured in cells returned
Quantitation indicates that the amount of crossoverto growth media after the induction of meiotic recombi-
product is reduced ~5 fold in the zip3 mutant comparednation. In the zip3 mutant, the rates of commitment to
to wild type (46% recombinant DNA in wild type versusconversion at four loci examined are similar to those of
10% in zip3, at 44 hr).wild type (Figure 2A). Moreover, the timing of commit-
These results demonstrate that the zip3 mutation hasment is indistinguishable from wild type (data not
no effect on the initiation of meiotic recombination. How-shown), suggesting that recombination initiates with
ever, mature crossover products are reduced in abun-normal kinetics. This conclusion was confirmed by as-
dance compared to wild type, and their production issessing DSB formation on chromosome III in a rad50S
substantially delayed.strain background, in which DSBs accumulate (Roeder,
1997). In the zip3 rad50S mutant (SA412), both the timing
of appearance of DSBs and the quantity of DSBs on SC Formation Is Delayed and Incomplete in zip3
To determine the effect of the zip3 null mutation on SCchromosome III are similar to those of the rad50S control
strain (SA608) (data not shown). formation, meiotic chromosomes were surface spread,
stained with anti-Zip1 antibodies, and viewed in the fluo-Meiotic crossing-over was measured genetically by
dissecting dyads from spo13 strains. The spo13 muta- rescence microscope. Zip1 localization serves as a
marker for chromosome synapsis. Chromosomes fromtion improves spore viability in zip3 (to 73%) and other
mutants defective in meiosis I chromosome segregation both wild-type and mutant strains were examined at
several time points after the introduction into sporulationby allowing cells to bypass the meiosis I division (Ma-
lone, 1983). In the zip3 mutant, map distances in four medium.
In the zip3 mutant, the time point of maximum synap-intervals (representing three different chromosomes) are
reduced 1.4- to 3-fold compared to wild type (Figure sis is many hours later than in wild type (Figure 3A),
and chromosome synapsis is almost always incomplete.2B). Meiotic crossing-over was also measured physi-
cally using a diploid containing one linear and one circu- Even in those nuclei in which Zip1 localization is most
extensive, only about one half to two thirds of the chro-lar copy of chromosome III (Game et al., 1989). A single
crossover between a linear and a circular chromosome mosomes display linear Zip1 staining (Figures 3C and
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Figure 4. Zip3 Colocalizes with Zip1 and Zip2
Spread nuclei from a wild-type strain producing Zip3-GFP (SA439)
were stained with antibodies to Zip1 (A and D), Zip2 (G), and GFP
(B, E, and H). Regions of overlap between Zip1 and Zip3 or between
Zip2 and Zip3 appear yellow in merged images (C, F, and I). (A)±(C)
show a zygotene nucleus; (D)±(I) show pachytene nuclei. Bar 5
1 mm.
ized. To this end, sequences encoding a green fluores-
cent protein (GFP) were inserted at the 39 end of the
ZIP3 coding region; the resulting ZIP3-GFP fusion geneFigure 3. Chromosome Synapsis in zip3
fully complements the zip3 null mutation with respect(A) Meiotic chromosomes from wild type and zip3 were surface
to sporulation efficiency and spore viability (data notspread at regular intervals throughout meiosis and then stained with
shown). Spread meiotic chromosomes were stained si-anti-Zip1 antibodies. See text for description of categories. One
multaneously with anti-GFP antibodies to detect Zip3hundred cells were scored for each strain at each time point.
and with anti-Zip1 antibodies to monitor synapsis. At the(B±G) Examples of Zip1 staining in wild type and zip3. Spread nuclei
from wild type (SA510; B±C) and zip3 (SA511; D±G) were stained pachytene stage, when Zip1 is localized continuously
with DAPI (B, D, and F) and anti-Zip1 (C, E, and G) antibodies. The along the lengths of meiotic chromosomes, the Zip3-
arrow in (E) indicates a polycomplex. WT, wild type. Bar 5 1 mm. GFP fusion protein localizes to discrete foci on chromo-
somes (Figures 4D±4F). There are 57 6 6 (20 nuclei
3G). These nuclei, which will be referred to as semi- scored) Zip3-staining foci per pachytene nucleus. The
pachytene nuclei, are distinct from late zygotene nuclei in timing and pattern of Zip3-GFP localization differ from
wild type. By late zygotene in wild type, all chromosomes those of the Glc7-GFP and Slk19-GFP fusion proteins
appear to partially or fully synapsed; in contrast, in the previously localized to meiotic chromosomes (Zeng et
semipachytene nuclei observed in zip3, some chromo- al., 1999; Bailis and Roeder, 2000), arguing that the Zip3
somes appear to be completely synapsed, while other localization observed is not due to the GFP portion of
chromosomes exhibit no detectable Zip1 staining. the fusion protein. Additional evidence that the Zip3-
Zip1 staining also revealed that many zip3 nuclei con- GFP localizes correctly comes from the observation that
tain polycomplexes (e.g., Figure 3E), which are aggre- a Zip3-b-gal fusion protein (that partially rescues the
gates of SC proteins unassociated with chromatin. Poly- zip3 null mutant) colocalizes with Zip3-GFP (100% of
complexes are observed in mutants defective in SC b-gal foci overlap with GFP, 91% 6 19% of GFP foci
formation (e.g., Chua and Roeder, 1998) and in strains overlap with b-gal, 14 nuclei scored, strain SA169).
overproducing the Zip1 protein (Sym and Roeder, 1995). Zip3 staining is observed in all nuclei that stain with
In the zip3 mutant, more than half of the nuclei that stain anti-Zip1 antibodies, regardless of the extent of Zip1
with anti-Zip1 antibodies contain polycomplexes (57/ localization. At the zygotene stage, when synapsis is
100 nuclei at 20 hr of sporulation), consistent with the initiating and Zip1 staining is punctate, there is extensive
observed reduction and delay in chromosome synapsis. colocalization of the Zip1 and Zip3 proteins (Figures
4A±4C). Whereas Zip3 is always present on chromo-
some segments that stain with anti-Zip1 antibodies,Zip3 Colocalizes with Zip1 and Zip2
on Meiotic Chromosomes Zip3-staining foci do not always contain Zip1 (Figures
4A±4C). These results suggest that localization of Zip3To determine whether Zip3 is directly involved in chro-
Zip3 Links Recombination and Synapsis
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and that Zip3 localizes to the sites of synapsis initiation.
Zip3 foci are present along chromosomes in the zip1
mutant, indicating that Zip3 localization does not require
Zip1 (47 6 5 foci per nucleus, 20 nuclei examined, strain
SA526).
If Zip3 acts at sites of synapsis initiation, then Zip3
should colocalize with Zip2. To investigate this possibil-
ity, meiotic chromosomes from a wild-type strain pro-
ducing the Zip3-GFP fusion protein were stained with
antibodies to Zip2 and GFP. As shown in Figures 4G±4I,
Zip3 almost completely colocalizes with Zip2 at the pa-
chytene stage (95% 6 4% of Zip3 foci contain Zip2,
99% 6 2% of Zip2 foci contain Zip3, 19 nuclei scored).
Analysis of nuclei at earlier stages (before chromosomes
are fully condensed) reveals that Zip3 is always present
on chromosomes in nuclei in which Zip2 is on chromo-
somes; however, the reverse is not true, suggesting that
Zip3 localization precedes Zip2 localization. (Two out
of 21 nuclei contained Zip3 foci in the absence of Zip2
foci; one of these nuclei contained 32 foci, while the
other contained 55.) Furthermore, Zip3 localizes to chro-
mosomes normally in the absence of Zip2, indicating
that Zip3 localization on chromosomes does not require
Figure 5. Zip3 Interacts with Synapsis and Recombination Proteins
Zip2 (52 6 7 foci per nucleus, 19 nuclei examined, strain
(A±E) Immunoprecipitations. Zip1 (A), Zip2 (B), Mre11 (C), Msh4 (D),SA527).
and Rad57 (E) coimmunoprecipitate with Zip3. Antibodies used for
immunoprecipitation (IP) and for immunoblotting (Probe) are indi-
Zip3 Interacts Physically with Zip1 and Zip2 cated at the bottom of each panel. Immunoprecipitations were car-
ried out in a rad50S strain background. Strains used are SA608To determine whether Zip3 interacts physically with Zip1
(ZIP3), SA508 (ZIP3-GFP), SA645 (ZIP3-GFP zip1), SA528 (ZIP3-GFPand Zip2, coimmunoprecipitation experiments were car-
zip2), and SA638 (ZIP3-GFP MSH4-myc).ried out. For this purpose, extracts were prepared from
(F±I) Two-hybrid protein assays. Shown is growth on medium lackingmeiotic cells of the rad50S mutant, in which Zip2- and
adenine, which reflects the expression of a GAL-ADE2 reporterZip3-containing foci persist on chromosomes longer
gene. Plasmids used are indicated to the left of each panel. AD,
than in wild type (data not shown). Zip3-GFP and associ- activation domain; DB, DNA binding domain.
ated proteins were precipitated from meiotic cell ex-
tracts with anti-GFP antibodies, fractionated by gel elec-
trophoresis, and blotted to nitrocellulose. Probing with most zip3 nuclei have been held at the arrest point for
appropriate antibodies demonstrates that both Zip1 and an extended period of time, the average number of Zip2
Zip2 coimmunoprecipitate with Zip3 (Figures 5A±5B). foci per nucleus in the ndt80 zip3 double mutant (24 6
The two-hybrid protein system was also used to test 9, 42 nuclei scored) (e.g., Figures 6E±6H) is considerably
Zip3 for its ability to interact with Zip1 and Zip2. Two- less than the average number in the ndt80 single mutant
hybrid interactions were investigated in vegetative yeast (66 6 8, 42 nuclei scored) (e.g., Figures 6A±6D). In addi-
cells in which no other meiotic proteins are present. tion, most of the foci in the mutant are less bright than
When full-length Zip3 is fused to the transcriptional acti- the average focus in wild type (Figures 6A±6H).
vation domain of Gal4 and the amino-terminal 20% of These results suggest that Zip3 promotes or stabilizes
the Zip1 protein is fused to the Gal4 DNA binding do- the association of Zip2 with chromosomes. If so, then
main, the two fusion proteins drive expression of an the zip3 defect in synapsis might be overcome by over-
ADE2 reporter gene under the control of the GAL pro- production of the Zip2 protein. To test this possibility,
moter (Figure 5F). Thus, Zip3 and Zip1 interact with each a multicopy plasmid carrying ZIP2 was introduced into a
other. No interaction between full-length Zip2 and Zip3 zip3 null mutant, and synapsis was assessed by staining
proteins was detected in the two-hybrid system (data spread meiotic chromosomes with antibodies to Zip1
not shown). and Zip2. After 20 hr in sporulation medium, z5% of
cells from the zip3 single mutant were semipachytene
nuclei, and no nuclei exhibited full synapsis (100 nucleiZip3 Is Required for Proper Localization of Zip2
The defect and delay in SC formation in the zip3 mutant scored). In contrast, in the zip3 strain overproducing
Zip2, 19% of nuclei displayed complete or nearly com-might be attributable to a defect in Zip2 localization. To
explore this possibility, meiotic chromosomes from the plete synapsis, and another 6% were semipachytene
nuclei (100 nuclei scored). Furthermore, the pachytenezip3 mutant were stained with anti-GFP antibodies for
Zip2-GFP. In zip3, Zip2-staining foci are fewer in number and semipachytene nuclei in zip3 overproducing Zip2
contained an average of 38 6 9 and 35 6 10 Zip2 foci,and less intense than the corresponding foci in wild type
(data not shown). However, this difference is difficult to respectively, compared to only 24 6 8 such foci in semi-
pachytene nuclei from the zip3 mutant alone. Whereasquantitate due to the different kinetics with which wild
type and zip3 cells progress through meiosis. To over- 30% of nuclei from the zip3 mutant displayed no detect-
able Zip1 staining at 20 hr, only 14% of nuclei from thecome this problem, Zip2 localization was examined in
strains carrying the ndt80 mutation, which causes cells zip3 mutant overexpressing ZIP2 failed to exhibit Zip1
staining. This analysis provides a minimum estimate ofto arrest uniformly at the pachytene stage (Xu et al.,
1995). Even after 36 hr in sporulation medium, when the effect of Zip2 overproduction, since a subset of zip3
Cell
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Figure 6. Zip2 Localization in zip3
Spread chromosomes from ndt80 ZIP2-GFP
(SA670; A±D), ndt80 zip3 ZIP2-GFP (SA671;
E±H), zip3 (SA674; I±L), and zip3 overproduc-
ing Zip2 (SA675; M±P) were stained with DAPI
(A, E, I, and M) and antibodies to Zip1 (B, F,
J, and N), GFP (against Zip2-GFP; C and G),
and Zip2 (K and O). Regions of overlap be-
tween Zip1 and Zip2 appear yellow in merged
images (D, H, L, and P). Bar 5 1 mm.
cells (z20%) lose the ZIP2-containing plasmid prior to both vegetative and meiotic cells. In addition, the Rad57
protein is detected in Zip3 immunoprecipitates fromintroduction into sporulation medium.
rad50S meiotic cells (Figure 5E).
Extensive overlap of the Zip3 and Msh4 proteins isZip3 Interacts with Recombination Proteins
apparent in spread meiotic chromosomes from wild typeConsistent with the notion that synapsis initiates at the
(76% 6 9% of Zip3 foci contain Msh4, 77% 6 10% ofsites of meiotic recombination events, the Zip3 protein
Msh4 foci contain Zip3, 21 nuclei examined) (e.g., Fig-fails to localize to chromosomes in the spo11 mutant,
ures 7D±7F). Msh4 colocalizes with Msh5 (J. Novak andwhich fails to make DSBs (Roeder, 1997) (SA525; data
G. S. R., unpublished data), so Zip3 must also colocalizenot shown). The interaction of Zip3 with a number of
with Msh5. In the two-hybrid system, Zip3 interactsrecombination proteins was tested by indirect immuno-
strongly with Msh5 (Figure 5I); this interaction occurs influorescence, coimmunoprecipitation, and two-hybrid
the absence of any other meiotic gene products (includ-protein analysis.
ing Msh4), arguing that Zip3 and Msh5 interact directly.In a rad50S mutant, in which Mre11 localizes to dis-
The interaction between Msh4 and Zip3 detected bycrete foci on chromosomes (Usui et al., 1998), Zip3 colo-
coimmunoprecipitation may be indirect, with Msh5 serv-calizes extensively with Mre11 (77% 6 13% of Zip3 foci
ing as a bridge between Zip3 and Msh4.contain Mre11, 80% 6 13% of Mre11 foci contain Zip3,
20 nuclei examined) (e.g., Figures 7A±7C). In addition,
DiscussionMre11 coimmunoprecipitates with Zip3-GFP from a
rad50S strain (Figure 5C).
In the two-hybrid system, Zip3 interacts with both Zip3 Promotes Synapsis by Recruiting
or Stabilizing Zip2Rad51 and Rad57 (Figures 5G and 5H). One or both
interactions may be indirect, since other components Our data indicate that the meiosis-specific Zip3 protein
acts at sites of synapsis initiation to promote SC assem-of the Rad51-containing complex are also present in
Figure 7. Zip3 Colocalizes with Mre11 and
Msh4
Spread nuclei from rad50S ZIP3-GFP (SA508;
A±C) and ZIP3-GFP MSH4-HA (SA642; D±F)
strains were stained with anti-Mre11 (A), anti-
GFP (B and E), and anti-HA (D) antibodies.
Regions of overlap appear yellow in the
merged images (C and F). Bar 5 1 mm.
Zip3 Links Recombination and Synapsis
251
bly. In the zip3 mutant, chromosome synapsis is sub- and the central element of the SC (Schmekel and Dane-
holt, 1998). In this context, the interaction between Zip3stantially delayed and almost always incomplete. At zy-
gotene, when synapsis initiates and Zip1 is present at and Zip1 detected in the two-hybrid system is of particu-
lar interest. Zip1 is a rod-shaped dimeric molecule, con-discrete foci on chromosomes, Zip3 colocalizes with
Zip1. In addition, Zip3 colocalizes with Zip2 both in zy- sisting of a coiled-coil domain, flanked by globular do-
mains. Two Zip1 dimers lying head to head span thegotene and in pachytene. Colocalization of Zip3 and
Zip2 is also observed in a zip1 mutant (data not shown) width of the SC, with their amino termini located in the
middle of the central region and their carboxyl terminiin which Zip2 is found specifically at axial associations
(Chua and Roeder, 1998). The order of assembly of the anchored in the lateral elements (Dong and Roeder,
2000). It has been postulated that the amino-terminalZip proteins onto chromosomes is normally Zip3, fol-
lowed by Zip2, followed by Zip1. globular domain of Zip1 constitutes the central element
of the SC (Dong and Roeder, 2000). It is the amino-Several observations suggest that Zip3 promotes SC
assembly by recruiting Zip2 to chromosomes and/or terminal domain of Zip1 that interacts with Zip3 in the
two-hybrid system, consistent with Zip3 being a compo-stabilizing the association of Zip2 with chromosomes.
First, Zip3 localization precedes Zip2 localization in wild nent of late nodules and these nodules associating inti-
mately with the central element of the SC.type. Second, compared to wild type, Zip2 foci in the
zip3 mutant are fewer in number, less intensely staining,
and delayed in their appearance. Third, overproduction Zip3ÐA Potential Link between Early
of the Zip2 protein partially suppresses the zip3 defect and Late Nodules
in synapsis. Finally, the Zip3 and Zip2 proteins coimmu- The data summarized above suggest that foci con-
noprecipitate. taining Zip3 correspond to late nodules; however, a
Zip3 interacts with Zip1 in the two-hybrid protein sys- number of observations indicate that Zip3 also interacts
tem, and this interaction occurs in the absence of Zip2 with components of early nodules. Zip3 interacts with
or any other meiotic gene products. This result argues both Rad51 and Rad57 in the two-hybrid protein system,
that Zip3 does not promote synapsis only by recruiting and Zip3 coimmunoprecipitates with Rad57. Further-
Zip2. Instead, both Zip2 and Zip3 are likely to be directly more, in rad50S strains, Zip3 colocalizes and coimmu-
involved in initiating Zip1 polymerization on chromo- noprecipitates with Mre11, a protein that acts at an even
somes. earlier step in recombination than Rad51 and Rad57. It
is not known whether Mre11 is normally a component
of Rad51/Dmc1 nodules because Mre11 is not presentZip3ÐA Component of Late Nodules
as distinct foci on chromosomes in wild-type cells. Ap-Our data indicate that Zip3 and Zip2 are components
parently, the rad50S mutation leads to the aberrant ac-of the same complexes as Msh4 and Msh5. All four
cumulation of Mre11 foci on chromosomes, and theseproteins colocalize on meiotic chromosomes; Zip3 inter-
unusual foci have some properties of both early and lateacts with Msh5 in the two-hybrid system, and Msh4 and
nodules.Zip3 coimmunoprecipitate. Three observations argue
Despite the evidence linking Zip3 to early nodules,that foci containing Zip3, Zip2, Msh4, and Msh5 corre-
there is no significant colocalization of Zip3 with Rad51spond to late nodules. First, these complexes are first
or Dmc1 in spread meiotic chromosomes (data notdetected late in zygotene and persist throughout pachy-
shown). A low incidence of colocalization is observed,tene, consistent with the timing of appearance of late
but the possibility that this overlap is fortuitous cannotnodules. Second, mutations in all four genes (ZIP3, ZIP2,
be excluded. Failure of colocalization is not necessarilyMSH4, and MSH5) have no effect on meiotic gene
surprising given the different timing of appearance ofconversion, but reduce the frequency of crossing-over
Rad51/Dmc1 versus Zip3 foci. If Rad51/Dmc1 dissoci-(a function specifically associated with late nodules).
ate from chromosomes as Zip3 associates, then veryThird, Zip2 foci, like late nodules, display interference.
few foci may contain detectable amounts of both pro-Both late nodules and Zip2-containing foci (J. Fung and
teins at the same time. By the time the Zip3 proteinG. S. R., unpublished data) are nonrandomly positioned
reaches detectable levels, the amount of Rad51/Dmc1along chromosomes such that two nodules (or two foci)
may have fallen below the threshold of detection.rarely occur close together.
Our data suggest that Zip3 interacts, at least tran-If Zip3 foci represent late nodules, one might expect
siently, with components of both early and late nodules.the number of foci to correspond to the number of cross-
We speculate that the association of Zip3 with nodulesovers. However, the number of crossovers per meiotic
is one of the steps in the development of early nodulescell (z90) is significantly greater than the number of foci
into late nodules.(z55). This raises the intriguing possibility that only a
subset of the sites of crossing-over is associated with
Zip3-containing complexes and therefore competent to Zip3 Links Synapsis to Meiotic Recombination
Previous studies have suggested a link between recom-initiate synapsis. The existence of a subset of cross-
overs unassociated with Zip3 is consistent with the ob- bination and the initiation of chromosome synapsis in
yeast. The current study reinforces and extends thisservation that mutation of ZIP3 (MSH4, MSH5, or ZIP2)
eliminates only about half of all crossovers. Alternatively, conclusion by demonstrating physical interactions be-
tween a protein involved in synapsis initiation and pro-the difference between the number of crossovers and the
number of Zip3-containing foci may simply reflect the teins involved in DSB processing and strand invasion.
Initiating synapsis at the sites of recombination eventsasynchrony of recombination events. Zip3 and its part-
ners might localize to every crossover site, but to differ- makes teleological sense since this provides a means
to ensure that synapsis takes place only between homol-ent sites at different points in time.
Detailed electron microscopic analysis in Blabs cri- ogous chromosomes (because only homologous se-
quences can engage in strand exchange). However, theposa has revealed close contact between late nodules
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Table 1. Yeast Strains
Strain Genotype
SA341 MATa leu2 can1 ura3 ho trp1 ARG4 lys2 zip3::lacZ
MATaleu2-K CAN1 ura3 ho::LYS2 TRP1 arg4-NSP lys2 ZIP3
BR2495 MATa his4-280 leu2-27 arg4-8 thr1-1 trp1-1 ura3-1 ade2-1 chy10
MATa his4-260 leu2-3,112 ARG4 thr1-4 trp1-289 ura3-1 ade2-1 CHY10
SA169 BR2495 but homozygous zip3::lacZ plus pSA203 (LEU2 2m ZIP3-GFP)
SA311 BR2495 but zip3::URA3
ZIP3
SA312 BR2495 but homozygous zip3::URA3
SA227 BR2495 but homozygous spo11::ADE2
SA240 BR2495 but homozygous zip3::URA3 spo11::ADE2
SA674 BR2495 but homozygous zip3::URA3 plus pRS425 (LEU2 2m)
SA675 BR2495 but homozygous zip3::URA3 plus pSA225 (LEU2 2m ZIP2)
SA439 BR2495 but homozygous ZIP3-GFP
SA525 BR2495 but homozygous ZIP3-GFP spo11::ADE2
SA526 BR2495 but homozygous ZIP3-GFP and zip1::LYS2
zip1::LEU2
SA527 BR2495 but homozygous ZIP3-GFP zip2::URA3
SA642 SA439 but homozygous msh4::ADE2 plus p10H (MSH4-HA LEU2 2m)
SA141 BR2495 but his4-280 leu2-27 arg4-8 THR1 LYS2 spo13::ura3-1 zip3::URA3
HIS4 LEU2 ARG4 thr1-4 lys2-87 spo13::ura3-1 ZIP3
SA144 SA141 but homozygous zip3::URA3
SA670 BR2495 but ndt80::LEU2 ZIP3 ura3-1 zip2::LEU2
ndt80::LEU2 zip3::URA3 ZIP2-GFP@URA3 zip2::URA3
SA671 SA670 but zip3::LYS2
zip3::URA3
SA510 BR2495 but ZIP2-GFP@URA3 zip2::LEU2
ura3-1 zip2::URA3
SA511 SA510 but zip3::LYS2
zip3::URA3
SA608 MATa/MATa diploid homozygous for his4-260 leu2-3,112 thr1-4 trp1-289 ura3-1 ade2-1 rad50-K181::URA3
SA412 SA608 but homozygous zip3::URA3
SA508 SA608 but homozygous ZIP3-GFP
SA645 SA608 but homozygous ZIP3-GFP zip1::LYS2
SA528 SA608 but homozygous ZIP3-GFP zip2::LYS2
SA638 SA608 but homozygous ZIP3-GFP msh4::ADE2 MSH4-myc@URA3
BR3141 MATa leu2 CEN3::TRP1 arg4-8 lys2 ade2
MATa leu2 CEN3::URA3 arg4-8 lys2 ade2
SA153 BR3141 but homozygous zip3::LYS2
SA516 MATa leu2-27 his4-280 arg4-8 thr1-4 ura3-1 trp1-1 ade2-1 SPO13 ZIP3 lys2
MATa leu2::arg4-8 CEN3::TRP1 HIS4 arg4-D THR1::MATa ura3-1 trp1-289 ade2-1 spo13::LEU2 zip3::LYS2 lys2
MATa-bearing chromosome III is circular
SA517 SA516 but homozygous zip3::LYS2
JM239 MATa/MATa diploid homozygous for leu2-3,112 trp1-901 ura3-52 his3-200 gal4D gal80D LYS2::GAL1-HIS3 GAL2-ADE2
met2::GAL7-lacZ
Strain SA341 is congenic with SK1 (Chua and Roeder, 1998). Strains SA516 and SA517 are related to BR2495, whose haploid parents are
BR1373-6D and BR1919-8B; one parent of SA516/SA517 is BR1373-6D, and the other parent is isogenic with BR3026-38D (Rockmill and
Roeder, 1998), which was derived by several backcrosses to BR1919-8B. BR3141 and SA153 are diploids whose haploid parents are isogenic
with BR3026-38D (Rockmill and Roeder, 1998). SA608, SA508, SA645, SA528, and SA638 are diploids whose haploid parents are isogenic
with BR1919-8B (Rockmill and Roeder, 1990). The allele designated rad50-K181::URA3 in the table is referred to as rad50S elsewhere in
the text.
coupling between synapsis and recombination is not presumed to initiate (Hawley, 1980; Zetka and Rose,
1995); special features of these sites may restrict synap-universal. In Drosophila and in C. elegans, chromosomes
synapse normally in the absence of recombination sis to homologs. In contrast, data suggest that pairing
and synapsis in yeast can initiate almost anywhere along(Dernburg et al., 1998; McKim et al., 1998). This differ-
ence may reflect the specialized mechanisms for meiotic the length of each chromosome pair (Roeder, 1997).
Interestingly, the situation in mammals appears to bechromosome pairing that operate in flies and worms. In
both organisms, there is evidence for specific ªpairing more similar to that in yeast. In mice, mutations affecting
gene products implicated in meiotic recombination leadcentersº at which homolog pairing and/or synapsis are
Zip3 Links Recombination and Synapsis
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and pBG4D-1 (Bailis and Roeder, 1998). The ZIP3 ORF was amplifiedto defects in chromosome synapsis (e.g., Yoshida et al.,
by PCR to introduce a BamHI site just before the start codon and1998).
a SalI site just before the stop codon. The resulting BamHI±SalIAn important question that remains unanswered is
fragment was inserted at the BamHI±XhoI sites of pACTII andhow the subset of early nodules that become late nod-
pBG4D-1 to generate pSA670 and pSA671, respectively. ZIP1 se-
ules is specified. Based on the timing of Zip3 local- quences were amplified by PCR to introduce a HindIII site just before
ization, this decision must be made during zygotene the start codon and a SalI site just after bp 561 of the ZIP1 ORF.
and/or early pachytene, concurrent with the assembly The resulting HindIII±SalI fragment was inserted at the HindIII±XhoI
of Zip1 onto chromosomes. Localization of Zip3 is asyn- sites of pBG4D-1 to generate pCB376 (provided by P. Chua). MSH5
was amplified by PCR to introduce a NcoI site followed by six histi-chronous, with Zip3 being recruited to different sites at
dine codons at the initiation codon and a BamHI site just beforedifferent times throughout zygotene. We speculate that
the stop codon. The resulting NcoI±BamHI fragment was then in-Zip3 can localize to nodules in chromosomal segments
serted at the NcoI±BamHI sites of pACTII to generate R1894 (pro-that lack Zip1 but is excluded from nodules in chromo-
vided by J. Novak). A plasmid containing RAD57 fused to the GAL4somal segments that already contain Zip1. If Zip3 foci
activation domain was provided by P. Berg.
correspond to the sites of crossovers (as argued above), A zip2::LYS2 plasmid (provided by P. Chua) was constructed as
then Zip1-dependent inhibition of Zip3 assembly would follows. First, an XbaI fragment containing LYS2 from pDP6 (Bailis
account for the phenomenon of crossover interference. and Roeder, 1998) was inserted at the SpeI site of Bluescript SK(1)
to create pCB309. A KpnI±XbaI fragment containing LYS2 from
pCB309 was then inserted at the KpnI±XbaI sites of pCB229 (ChuaExperimental Procedures
and Roeder, 1998) to create pCB313. pCB313 was targeted for
substitution by cutting with ClaI. A multicopy plasmid carrying theYeast Strains and Genetic Procedures
ZIP2 gene (pSA225) was constructed by inserting the SpeI fragmentGenotypes of yeast strains are given in Table 1. Strains were grown
containing ZIP2 (Chua and Roeder, 1998) at the SpeI site of pRS425and sporulated as described by Sym and Roeder (1994) for SK1
(Christianson et al., 1992).strains and by Chua and Roeder (1998) for all other strains. For the
pU-MSH4-myc (provided by J. Novak) was constructed by in-Zip2 overproduction experiment, cells were grown to saturation in
serting the NotI fragment of cMYC from pMPY-3XMYC (Tyers et al.,synthetic medium lacking leucine and then diluted 1:1 into rich me-
1992) at the NotI site of p8H (Ross-Macdonald and Roeder, 1994).dium and grown for 10 hr prior to introduction into sporulation me-
pU-MSH4-myc was cut with StuI for integration at URA3.dium. Intragenic recombination was measured according to Chua
and Roeder (1998). Intergenic recombination was measured by dis-
Cytologysecting dyads from spo13 strains; map distances were calculated
Meiotic chromosomes were surface spread and stained as de-according to Rockmill and Roeder (1990).
scribed by Chua and Roeder (1998). A Nikon E800 microscope and
an Olympus IX70 DeltaVision microscope, both equipped with fluo-Physical Recombination Assays
rescence optics and a 1003 objective, were used to observe anti-Southern blot analysis of whole chromosomes was carried out as
body-stained preparations. Images were recorded using a Photo-described by Game et al. (1989). An EcoRV fragment of pSG315
metrics Imagepoint and Quantix CCD cameras. Meiotic cells werecontaining the THR4 gene from chromosome III (Goldway et al.,
stained with DAPI as described (Chua and Roeder, 1998).1993) was radioactively labeled using the Redi-prime kit (Amersham)
The following antibodies were used: mouse anti-Zip1 antibodiesand used as hybridization probe. DSBs (Goldway et al., 1993) and
at 1:100 dilution, rabbit anti-GFP (1 mg/ml; Seedorf et al., 1999) atcrossover products (Game et al., 1989) were quantitated by scanning
1:200 dilution, rabbit anti-Zip2 (provided by J. Fung) at 1:100 dilution,autoradiograms with the Bio-Rad Imaging Densitometer and calcu-
mouse anti-HA (Covance) at 1:400 dilution, rabbit anit-b-gal (Co-lating band intensity using Multi-Analyst software. The percent of
vance) at 1:100 dilution, and guinea pig anti-Mre11 (Usui et al., 1998)DNA present as recombinants was calculated as the sum of R1 plus
at 1:500 dilution.R2 divided by the sum of L plus R1 plus R2.
Immunoprecipitations and Western Blot Analysis
Plasmids To prepare meiotic cell extracts, cells were grown to saturation in
To construct ZIP3 disruptions, ZIP3 was amplified by PCR to intro- 1 liter of YPD medium supplemented with 60 mg/ml uracil and 40
duce NotI sites z340 bp upstream and z400 bp downstream of the mg/ml adenine. Cells were pelleted and resuspended in 2 liters of
ZIP3 ORF. The NotI fragment containing ZIP3 was inserted at the sporulation medium. After 19±20 hr, cells were harvested and
NotI site of pHSS6 to create pSA213. To construct pSA214 passed through a 10 ml syringe (without a needle) into liquid nitrogen
(zip3::URA3), the 1.1 kb SmaI fragment of URA3 (Chua and Roeder, and stored at 2808C. Cells were ground (for 25±30 min) to a very
1998) was used to replace the EcoRV±SspI fragment of ZIP3 (bases fine powder in the presence of liquid nitrogen using a mortar and
150±927) in pSA213. pSA215 (zip3::LYS2) was constructed by re- pestle and subsequently prepared for immunoprecipitation as de-
placing the EcoRV±SspI fragment of ZIP3 with a SalI fragment con- scribed by Kellogg et al. (1995). All yeast extracts contained z0.2
taining LYS2 from pDP6 (Bailis and Roeder, 1998). pSA214 and mg/ml of total protein as determined by a Bradford assay (Bio-Rad).
pSA215 were targeted for substitution by cutting with NotI. To con- Each immunoprecipitation reaction included 50 ml of protein A±
struct strains carrying the zip3::lacZ fusion gene, strains were trans- or protein G±sepharose bead slurry (Pierce), 12 ml of yeast extract,
formed with the same plasmid (pSA222) used to create strain M11 and 12.5 ml of affinity purified rabbit anti-GFP (0.5 mg antibody/ml
(Ross-Macdonald et al., 1999); lacZ is inserted at codon 408 of the of packed beads; Seedorf et al., 1999) as described by Kellogg et
ZIP3 coding region. al. (1995). Twenty-five microliters of deoxyribonuclease I (1 mg/
A ZIP3-GFP fusion gene was constructed as follows. First, an ml) was added to each reaction along with a mixture of protease
XbaI±EcoRV fragment of super-glow GFP from pPS974 (Seedorf et inhibitors (Bailis and Roeder, 1998). Finally, pelleted and washed
al., 1999) was inserted at the SpeI±SmaI sites of pRS425 (Christian- beads were resuspended and analyzed by Western blot hybridiza-
son et al., 1992) to generate pSA111. PCR was used to introduce tion as described by Bailis and Roeder (1998). The following antibod-
a NotI site ~340 bp upstream of the ZIP3 ORF and an NheI site just ies were used for probing membranes: guinea pig anti-Zip1 (1:1000;
before the stop codon. The NotI±NheI fragment (~1.8 kb) of ZIP3 Dong and Roeder, 2000), rabbit anti-Zip2 (1:1000; provided by J.
was subcloned into the NotI±NheI sites of pSA111 to create pSA203, Fung), guinea pig anti-Mre11 (1:5000; Usui et al., 1998), rabbit anti-
containing GFP fused to the 39 end of ZIP3. The EcoRV±XhoI frag- Rad57 (1:1500; Sung, 1997), and mouse anti-cMyc antibodies (1:800;
ment from pSA203, containing bases 285±1446 of the ZIP3 ORF Covance).
plus GFP, was subcloned into the SmaI±XhoI sites of pRS306 (Chua
and Roeder, 1998) to create pSA219, which was integrated at ZIP3 Two-Hybrid Assays
by cutting with EcoRI. Two-hybrid assays were carried out in strain JM239 (Bailis and
Roeder, 1998). Transformants were selected on synthetic mediumThe starting plasmids for two-hybrid protein assays were pACTII
Cell
254
lacking tryptophan and leucine to select for the presence of both Hollingsworth, N.M., Ponte, L., and Halsey, C. (1995). MSH5, a novel
MutS homolog, facilitates meiotic reciprocal recombination be-plasmids (pACTII and pBG4D-1 or derivatives thereof) and then
replicaplated to medium lacking tryptophan, leucine, and adenine tween homologs in Saccharomyces cerevisiae but not mismatch
repair. Genes Dev. 9, 1728±1739.to monitor expression of the GAL2-ADE2 reporter gene. All trans-
formants that grew in the absence of adenine also grew on medium Kellogg, D.R., Kikuchi, A., Fujii-Nakata, T., Turck, C.W., and Murray,
lacking histidine (reflecting expression of GAL1-HIS3) and turned A.W. (1995). Members of the NAP/SET family of proteins interact
blue on medium containing X-gal (reflecting expression of GAL7- specifically with B-type cyclins. J. Cell Biol. 130, 661±673.
lacZ).
Malone, R.E. (1983). Multiple mutant analysis of recombination in
yeast. Mol. Gen. Genet. 189, 405±412.
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